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ABSTRACT 18 
In this work we present electropolymerization of monomers of an unusual type using N-linked 19 
carbazole units to limit their conjugation. The polymers thus obtained have limited 20 
conjugation through the backbone. Using donor-acceptor-donor (D-A-D) and donor-donor-21 
donor (D-D-D) monomers we evaluate the effects of the presence (or absence) of charge 22 
transfer states on synthesized electropolymers. The use of a D-A-D monomer resulted in 23 
obtaining an ambipolar polymer with quasi-reversible reduction.  24 
 25 
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KEYWORDS: carbazole; phenothiazine; acridone; electroactive polymer; 26 
spectroelectrochemistry 27 
1 Introduction 28 
Electroactive polymers are an already very well-examined group of materials with many 29 
interesting properties, that can be used as conductive and semiconductive layers, [1,2] 30 
polymer light emitting diode (PLED) emitters [3,4] and hosts, [5,6] electrochromic films [7-31 
12] for the use in electrochromic windows, electrochemical capacitor materials, [13] 32 
controlled drug release systems, [14-16] membrane matrices, [17] electrostrictive materials, 33 
such as artificial muscles [18] and many more. 34 
The area of conducting polymers has expanded greatly since the Nobel Prize for their 35 
discovery has been awarded. [19] Nowadays, several different groups of polymers are known, 36 
such as thiophene-, [20-24] chalcogenophene- [25-30] or carbazole-based, [31-35] among 37 
others, however there are still new systems to be investigated. An interesting field of study are 38 
branched polymers formed by electropolymerization of multifunctional monomers. 39 
Interestingly, these kind of molecular systems can be produced by the introduction of N-40 
substituted carbazole side groups in monomers, such as in the systems investigated 41 
previously. [36] The connection of carbazole via nitrogen atom provides the weakest 42 
conjugation from all practical substitution positions of this unit. This was evaluated in certain 43 
studies and is especially important in designing molecular systems as thermally activated 44 
delayed fluorescence emitters. [37-41] However, the lack of conjugation between the 45 
polymerizable carbazole unit and the core can provide an interesting insight to the properties 46 
of both monomer and respective electropolymer. This is because, due to lack of conjugation, 47 
the polymerizable carbazole unit behaves independently from the core in the monomer, 48 
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3 
therefore there will also be observed an independent behavior in the polymeric system 49 
produced. 50 
Such kind of systems are presented in this work and examined from the 51 
(spectro)electrochemical and spectroscopic point of view. One system (1) consists of a 52 
phenothiazine core, that acts as a donor, with N-bonded carbazole units, therefore the 53 
compound has a donor-donor-donor  (D-D-D) structure. The compound 2 has an acridone 54 
core that acts as an acceptor, and also N-bonded carbazoles as side groups, thus 2 has a donor-55 
acceptor-donor (D-A-D) structure. 56 
 57 
Scheme 1. Monomers studied in this work. 58 
2 Experimental section 59 
2.1 Materials. 60 
All commercially available compounds were used as received. All solvents for the synthesis 61 
were dried and then distilled before use. Electrochemical measurements were performed in 62 
10
-3
 M concentrations of all monomers for all voltammetric measurements (CV, DPV). 63 
Electrochemical studies were conducted in 0.1 M argon purged solutions of Bu4NBF4 (dried), 64 
99% (Sigma-Aldrich) in dichloromethane (DCM), CHROMASOLV®, 99.9% (Sigma-65 
Aldrich) and tetrahydrofuran (THF), 99.9%, Extra Dry, AcroSeal™ (ACROS Organics) 66 
solvents at room temperature. UV-Vis-NIR spectroelectrochemical measurements were 67 
performed on an Indium Tin Oxide (ITO) coated quartz working electrode. Polymeric layers 68 
were synthesized on an ITO electrode in conditions similar to that of cyclic voltammetric 69 
measurements. 70 
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4 
2.1.1 General synthesis.  71 
The synthetic procedure of 3,7-di(carbazol-9-yl)-N-butylphenothiazine (1), outlined at 72 
Scheme 2, was based on metal-catalyzed Ullmann-type C-N coupling reaction, efficient 73 
method to form novel carbon-nitrogen bond [42,43]. 3,7-Dibromo-N-butylphenothiazine, 74 
synthesized according to our previous experience [44], underwent nucleophilic aromatic 75 
substitution with carbazole, in a presence of a base and the copper-binding ligand 1,10-76 
phenanthroline. An environment of the reaction were high-boiling polar solvent 77 
dimethylformamide and inert atmosphere.  78 
The synthesis of 2,7-di(carbazol-9-yl)-N-hexylacridin-9-one (2), outlined in Scheme 2, was 79 
also based on copper-catalyzed condensation of 2,7-dibromo-N-hexylacridone with carbazole 80 
at the same conditions as stated above. 2,7-Dibromo-N-hexylacridone was synthesized 81 
according to a previously established procedure [45].    82 
2.1.2 3,7-di(carbazol-9-yl)-N-butylphenothiazine (1) 83 
3,7-Dibromo-N-butylphenothiazine (1.0 g, 2.42 mmol), carbazole (0.93g, 5.57 mmol) were 84 
placed in a three-necked flask with copper iodide (0.19 g, 1.02 mmol), potassium carbonate 85 
(1.51 g, 0.01 mol), 1,10-phenanthroline (0.36 g, 1.99 mmol) and 15 ml of N,N-86 
dimethylformamide. The reaction mixture was heated at 145°C for 48h under a nitrogen 87 
atmosphere. Insoluble brown solid was filtered from the reaction mixture and washed with ca. 88 
5 ml of N,N-dimethylformamide (product passed to a filtrate). Water was added to a filtrate 89 
and obtained solid was filtered and washed with water to remove copper compounds. A 90 
precipitate was purified by silica gel chromatography with hexane:ethyl acetate (9:1, V/V) as 91 
the eluent. 3,7-Di(carbazol-9-yl)-N-butylphenothiazine (1), grey-brown powder (mp >250°C), 92 
was obtained with 35% yield (0.50 g, 0.85 mmol). 93 
1
H NMR (600 MHz, CDCl3): 8.17 (d, J=7.7 Hz, 4H, arom. H), 7.47-7.39 (m, 12H, arom. H), 94 
7.32 (t, J=6.8 Hz, 4H, arom. H), 7.15 (d, J=8.2 Hz, 2H, arom. H), 4.06 (s, 2H, N-CH2) 2.02-95 
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5 
2.00 (m, 2H, CH2), 1.66-1.62 (m, 2H, CH2), 1.11 (t, J=7.4 Hz, 3H, CH3). 
13
C NMR (151 96 
MHz, CDCl3): 144.3, 141.1, 132.5, 126.4, 126.2, 126.2, 126.0, 123.3, 120.3, 119.9, 116.2, 97 
109.8, 47.7, 29.1, 20.4, 14.0. MS m/z [%] = 586.24. 98 
2.1.3 2,7-di(carbazol-9-yl)-N-hexylacridin-9-one (2) 99 
2,7-Dibromo-N-hexylacridin-9-one (1.0 g, 2.29 mmol), carbazole (0.88g, 5.26 mmol) were 100 
placed in a three-necked flask with copper iodide (0.24 g, 1.26 mmol), potassium carbonate 101 
(1.42 g, 0.01 mol), 1,10-phenanthroline (0.35 g, 1.94 mmol) and 15 ml of N,N-102 
dimethylformamide. The reaction mixture was heated at 145°C for 22h under a nitrogen 103 
atmosphere. Insoluble grey-green solid was filtered from the reaction mixture and washed 104 
with dimethylformamide (product passed to a filtrate). Water was added to a filtrate and 105 
obtained solid was filtered and washed with water to remove copper compounds. Yellow-106 
green precipitate was the product 2 2,7-di(carbazol-9-yl)-N-hexylacridin-9-one (0.74 g, 1.21 107 
mmol). The yield of the reaction – 53%, mp >250°C. 108 
1
H NMR (600 MHz, CDCl3): 8.87 (d, J=2.6 Hz, 2H, arom. H), 8.21 (d, J=7.7 Hz, 4H, arom. 109 
H), 8.02 (dd, J=9.1 Hz, J=2.6 Hz, 2H, arom. H), 7.84 (d, J=9.1 Hz, 2H, arom. H), 7.50 (d, 110 
J=8.1 Hz, 4H, arom. H), 7.46 (t, J=7.6 Hz, 4H, arom. H), 7.35 (t, J=7.4 Hz, 4H, arom. H), 111 
4.57 (t, J=8.4 Hz, 2H, N-CH2) 2.18-2.15 (m, 2H, CH2), 1.73-1.70 (m, 2H, CH2), 1.59-1.55 (m, 112 
2H, CH2), 1.51-1.49 (m, 2H, CH2), 1.02 (t, J=6.9 Hz, 3H, CH3). 
13
C NMR (151 MHz, 113 
CDCl3): 176.9, 140.9, 140.6, 133.0, 131.7, 126.1, 125.9, 123.5, 123.4, 120.4, 120.2, 116.7, 114 
109.6, 47.0, 31.6, 27.4, 26.7, 22.7, 14.1. MS m/z [%] = 610.29. 115 
 116 
Scheme 2. Synthetic route used to obtain investigated monomers. 117 
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6 
2.2 Measurements.  118 
Melting points were determined on automatic melting point SMP10 (Stuart) apparatus. NMR 119 
spectra were taken in CDCl3 by Avance 400 (Bruker) at 600 MHz for 
1
H and 
13
C at ambient 120 
temperature. Chemical shifts are reported in parts per million (δ) relative to tetramethylsilane 121 
(δ = 0.0 ppm). MS spectra were taken on a Bruker micrOTOF-Q, FWHM-17500, 20 Hz. The 122 
electrochemical investigation was carried out using Autolab PGSTAT20 and PGSTAT100 123 
(Metrohm Autolab) potentiostats. The electrochemical cell comprised of a platinum disk with 124 
1 mm diameter of working area as working electrode, Ag/AgCl electrode as a reference 125 
electrode and a platinum wire as an auxiliary electrode. The reference electrode was 126 
calibrated against ferrocene/ferrocenium redox couple in the same conditions (solvent, salt) as 127 
all electrochemical measurements. Cyclic voltammetry measurements were conducted at 128 
room temperature with scan rate of 50 mV s
-1
. UV-Vis-NIR spectra in spectroelectrochemical 129 
analysis were recorded by QE6500 and NIRQuest detectors (Ocean Optics). Absorption and 130 
emission spectra of monomers were collected using a UV-3600 double beam 131 
spectrophotometer (Shimadzu), and a Fluorolog or Fluoromax-3 fluorescence spectrometer 132 
(Jobin Yvon). In situ EPR spectroelectrochemical experiments were performed using JES-FA 133 
200 (JEOL) spectrometer. g-factor value has been determined with the aid of JEOL internal 134 
standard, knowing that the third line of the Mn-standard spectrum has a g-factor of 2.03324. 135 
The width of the EPR signal has been calculated as a distance in mT between minimum and 136 
maximum of the spectrum. 137 
2.3 Calculations 138 
DFT calculations of ground state geometry and MO surfaces have been carried out using the 139 
B3LYP hybrid functional combined with a 6-31G(d,p) basis set. For all investigated 140 
compounds ground state geometries were optimized. All calculations have been carried out 141 
with Jaguar [46] version 9.3 release 15 in Maestro Materials Science 2.3 in Maestro Materials 142 
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7 
Suite 2016-3 software package. [47] Spin density of radicals was calculated using the same 143 
basis set and functional with spin set to 2 and charge set to +1 and -1 for radical cation and 144 
anion, respectively. All alkyl chains have been reduced to methyl groups to decrease 145 
calculation complexity. 146 
 147 
3 Results and discussion  148 
 149 
3.1 3.1 Photophysical investigation of monomers 150 
Absorption spectrum (Figure 1) of 1 consists of a shoulder (λ = 350-420 nm) that can clearly 151 
be associated as n-π* transition involving the lone pairs of nitrogen and sulfur in the 152 
phenothiazine unit. The shoulder is followed by an absorption band at λmax = 327, 339 nm 153 
which due to its characteristic shape should be associated with n-π* transition of carbazole. 154 
The next absorption band λmax = 293 nm is also associated with carbazole. The compound due 155 
to very weak absorption at wavelengths > 380 nm gives colorless solutions. On the other 156 
hand, 2 shows a well defined CT band with λmax = 409 nm. In systems like 1 or 2, due to the 157 
lack of conjugation between the carbazole and core it is possible to observe the absorption 158 
bands of all moieties separately. In this case neither carbazole [48] nor acridone [49] absorb in 159 
the region of >410 nm, therefore the new band can be attributed to CT. The absorption band 160 
that in 2 is at λmax = 323 nm seems to be present in all acridone derivatives substituted at 2,7 161 
position by donors [49]. This band seems to shift with the type of donor attached and is not 162 
present in 1, therefore such absorption originates from acridone. This band however overlaps 163 
with the n-π* band of carbazole which is therefore barely observable. Similarly to 1, in 2 the 164 
π-π* absorption band of carbazole λmax = 293 nm is observed. Emission of the molecules in 165 
solution is blue with maximum at 436 nm and 442 nm and blue edge at 400 nm and 412 nm 166 
respectively for 1 and 2. 167 
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8 
Calculated HOMO and LUMO orbital surfaces (Figure S1, S2) confirm the experimental 168 
observations . In 1 the HOMO→LUMO transition shows a local n-π* character, but in 2 the 169 
HOMO→LUMO transition has a hybrid local and charge transfer (HLCT) character. This 170 
however explains a relatively strong absorption of this band in comparison to π-π* bands as 171 
HOMO/LUMO overlap is significant. 172 
 173 
Table 1. Basic photophysical properties of investigated monomers. 174 
 175 
Figure 1. a) UV-Vis and fluorescence spectra of monomers in methylcyclohexane solution. b) 176 
DPV voltammograms of investigated compounds recorded in DCM and THF solutions of 177 
Bu4NBF4 supporting electrolyte. 178 
 179 
3.2 Electrochemical investigation of monomers and electropolymerization 180 
The monomers show clearly different electrochemical properties both in terms of oxidation 181 
and reduction (Figure 2,3). 1 due to the D-D-D structure undergoes only oxidation, no 182 
reduction was observed within the electrochemical potential window. The oxidation 183 
comprises two reversible signals that can be attributed to the first and second oxidation steps 184 
of phenothiazine. The first oxidation process clearly leads to formation of a stable radical 185 
cation located at phenothiazine (see EPR section). Second redox couple should therefore be 186 
associated with the formation of a dication. The following oxidation processes can be 187 
associated with oxidation of carbazole moieties. This reaction is irreversible and leads to 188 
formation of a conductive polymer. The compound 2 oxidizes solely at the carbazole 189 
moieties, which results in formation of a polymer, similarly to 1. This compound however, 190 
due to the D-A-D structure, also undergoes reduction. A reduction peak (see Figure 2) can be 191 
observed within the electrochemical window, moreover the process is reversible. Further 192 
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investigation of the reduction process by EPR spectroscopy confirms the formation of a stable 193 
radical anion located at the acridone moiety in this case. Carbazole moieties in 2 oxidize at 194 
lower potential than in 1, but 1 contains an electron-rich and 2 bears electron-deficient core. 195 
This happens due to the fact that oxidation of carbazoles in 1 undergoes with the bicationic 196 
(1
2+
) instead of the neutral form. Such a bication is repulsed from the working electrode 197 
surface at positive potential applied, moreover the phenothiazine bication core acts now as an 198 
electron-deficient unit. Both effects draw the oxidation potential of carbazole units in 1 to 199 
higher values. 200 
As observed with DPV (Figure 2) at positive potentials, oxidation of 1 over 1 V potential is 201 
complicated, comprising many overlapping peaks. These are the signals of 202 
electropolymerization overlapped with the electrochemical response of the forming polymer. 203 
On the other hand oxidation of 2 is well resolved, comprising two clearly visible peaks. The 204 
first peak has to be associated with the monoelectron oxidation of a single carbazole moiety of 205 
2, the second process is probably associated with electrochemical response of the forming 206 
polymer due to its broadened shape. It is worth to note that the oxidation peak of 2 recorded 207 
with CV technique is stretched and deformed, this is because it actually consists of two 208 
signals mentioned above (as seen by DPV), that are overlapped.  209 
 210 
 211 
Figure 2. a), b) Cyclic voltammograms of monomers showing first oxidation / reduction 212 
cycles. c), d) Cyclic voltammograms showing electropolymerization process in consecutive 213 
scans (black line); Stability of the polymer recorded in monomer-free solution (red line). 214 
Oxidation recorded in DCM, reduction in THF solutions of Bu4NBF4 supporting electrolyte. 215 
Scan rate 0.05 V s
-1
. 216 
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As mentioned previously, the two monomers electropolymerize well, forming a stable 217 
polymeric film (see Figure 3). The electropolymerization process is induced by the presence 218 
of carbazole moieties, that after monoelectron oxidation undergo a coupling reaction. 219 
Although carbazole appears to be a bifunctional monomer, recent works [50,51] suggest 220 
carbazole acting as a monofunctional moiety in the molecular systems comprising two or 221 
more N-carbazolyl species. This also seems to be true in the monomers presented here and is 222 
supported by (spectro)electrochemical data. In example, the polymers do not increase their 223 
conjugation length as presented in the voltammograms – oxidation onset remains unchanged 224 
in following polymerization scans. Both polymers show electrochemical responses similar to 225 
the already reported cases. [52] The first oxidation process of the polymers has to be 226 
attributed to formation of polarons, whereas the second to bipolaronic species, which is 227 
further confirmed by spectroelectrochemistry. 228 
 229 
Figure 3. Cyclic voltammograms of poly(2) recorded in DCM and THF solutions of 230 
Bu4NBF4 supporting electrolyte. Scan rate 0.05 V s
-1
. 231 
Following the reasoning given above, the proposed polymer structure of poly(1) and poly(2) 232 
is shown in Scheme 3. It becomes clear that the acridone/phenothiazine bridge units break the 233 
conjugation between bicarbazole bridges, resulting in formation of a polymer with short 234 
conjugation length. Please also see Figure S3-S6. The calculations performed on idealized 235 
trimers show that although there is some conjugation between the bicarbazoles and cores, the 236 
units are clearly out of plane. Polymers inherit some features of the monomers, such as redox 237 
or optical properties. In particular, the polymer of a D-D-D monomer consequently does not 238 
reduce, moreover, the neutral film is colorless, similarly to the solution of the monomer. On 239 
the other hand, poly(2) color is similar to the yellow color of monomer’s solution, due to the 240 
presence of a similar charge transfer band, absorbing blue light. Poly(2) also shows a 241 
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reduction process of quasi-reversible character at the potential similar to the redox pair of the 242 
monomer (see Figure 4). Clearly, the reduction of the polymer involves the acridone species 243 
as in both cases: the monomer and polymer the reduction occurs at almost the same potential, 244 
-2.07 V and -2.15 V, respectively (see Table 2). In this case, due to limited diffusion rate of 245 
counter ions the anodic and cathodic peak are stretched and deformed. EPR investigation of 246 
the polymer reveals hardly no signal upon reduction of the polymer. This suggests a somehow 247 
regular, stacked structure of the polymer, allowing the radical anions of acridone to stack, 248 
forming i.e. spinless dimers, which is similar to the already reported dimers in 249 
ethylenedioxythiophene-based systems. [9,53]  250 
 251 
Scheme 3. Proposed structure of electrodeposited polymers studied in this work. 252 
At this point it is important to note the coincidence of electrochemical and optical energy gap 253 
of 2 and poly(2). The values are very close in both cases suggesting electron binding energy 254 
of zero or almost zero. In this case an error of ± 0.03 eV to the values can be assumed. This is 255 
still a debate whether forbidden transition such as n-π* or CT can be used to determine energy 256 
gap of a molecule as respective absorption band may not be visible in the spectrum. The 257 
answer to this question is not definite,  in some cases a forbidden transition has relatively 258 
large oscillator strength, thus being well defined in the absorption spectrum. If that condition 259 
is met, as in 2 and poly(2), the optical energy gap can be determined properly with a small 260 
error. 261 
Table 2. Electrochemical properties of investigated molecules. 262 
 263 
3.3 UV-Vis-NIR spectroelectrochemical investigation of monomers and polymers 264 
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To fully understand the electrochromic response of polymers it is necessary to study the  265 
oxidation of monomers first (Figure 5). In case of 1 the most interesting part is the oxidation 266 
of phenothiazine moiety leading to the formation of a monocation (cation radical) and, at 267 
higher potential applied, a bication. Both these species are seen in the absorption spectra. 268 
Interestingly, the absorption of a phenothiazine cation radical is very specific and clearly is 269 
not present in the spectra of oxidized polymer. Oxidation of 2 leads to formation of a polymer 270 
which is a result of coupling of cation radicals originating from carbazole moieties. Due to the 271 
similarity of monomer’s and polymer’s cation radical structure the spectra observed resemble 272 
the electrochromic response of poly(2). 273 
 274 
Figure 4. a), b) UV-Vis-NIR spectroelectrochemical analysis of electrochemical oxidation of 275 
1 and 2; c), d) Electrochromic response of respective polymers. P1, P2 denote first and second 276 
polaronic band; BP bipolaronic band; N neutral polymer absorption bands. Spectra recorded 277 
in DCM / 0.1 mol dm
-3
 Bu4NBF4 supporting electrolyte solution using ITO coated quartz 278 
working electrode. 279 
Electrochromic response of polymers is similar to the already reported [52] cases. Two 280 
polaronic bands (P1, P2) are arising in the first oxidation step  and one bipolaronic (BP) arises 281 
above a specific potential in the second oxidation step. The potentials at which formation of 282 
polarons/bipolarons is observed are in good correlation with the onset potential of the first and 283 
second oxidation peak of polymers, respectively. Therefore figures determining onset 284 
potential of formation of bipolarons allow to attribute the first redox reaction in polymers to 285 
the neutral ↔ polaronic redox process. The second redox process should consequently be 286 
attributed to the polaronic ↔ bipolaronic redox process. In both cases oxidation of the 287 
polymeric film shows diminishing absorption of the neutral polymer absorption bands (N). 288 
This is due to oxidation of bis(carbazolyl) bridges that connect mers. Interestingly, in both 289 
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13 
cases there is an isosbestic point clearly visible between N and P1 bands. As no shift of that 290 
point is observed, this indicates perfect reversibility of the doping/dedoping process between 291 
neutral and polaronic forms. Additional isosbestic point can be observed between P1 and BP 292 
bands in poly(2). This is rather associated with the presence of a CT band in the polymer, 293 
which is discussed below. The presence of an isosbestic point here suggests the process of 294 
bipolarons formation to be connected with the diminish of the CT band. 295 
Poly(2) similarly to the monomer shows a charge transfer transition. The charge transfer 296 
appears clearly between the non-conjugated units of acridone (acceptor) and bicarbazole 297 
bridges (donor). Interestingly, the first polaronic band (P1) of the polymer is overlapped with 298 
the CT absorption band of a neutral film. The polaronic band grows on the top of the CT band 299 
and both bands are still overlapped at the potential of 0.60 V. Above that potential, along with 300 
the formation of bipolarons, the CT band diminishes. The band maximum shifts giving 301 
eventually absorbtion spectrum which is much more similar to the respective spectrum of 302 
poly(1) which does not have a CT.  That means the polymer in a bipolaronic state shows no 303 
CT due to the lack of electrons at HOMO (as for neutral form), so HOMO→LUMO transition 304 
(CT) is suppressed. 305 
What is even more interesting is that the electrochromic response of poly(1) does not clearly 306 
show the involvement of radical cations nor bications of phenothiazine. The polymer behaves 307 
on one hand very similar to poly(2) showing similar polaronic and bipolaronic bands – on the 308 
other hand, due to the absence of the CT band, the film is colorless. Thin films of poly(1) are 309 
not visible to human eye, but they become visible upon oxidation. This behavior is potentially 310 
interesting for applications such as electrochromic tinted windows. Electrochromic response 311 
of the polymer is however interesting as no observable evidence for the formation of normal 312 
phenothiazine radical cation / bication is present in the absorption spectra. This is further 313 
discussed in the ESR spectroelectrochemistry section.  314 
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 315 
3.4 ESR spectroelectrochemical investigation of monomers and polymers 316 
To evaluate the origin of radical anion/cation species formed in the reversible redox processes 317 
the EPR technique has been used. The results comply with intuitive expectations, that 318 
reduction of 2 involves the acridone moiety, forming a radical anion, whereas the first 319 
oxidation step of 1 leads to production of radical cations localized at the phenothiazine 320 
moiety. The EPR spectrum of 2 radical anion shows hyperfine coupling constants of α1H = 321 
0.390 mT (2H) and α2H = 0.365 mT (2H). The observed signal correlates with the simulated 322 
spin density for the anion radical (Figure 6). Radical is situated the most on atoms of C=O 323 
group which also stabilizes the negative charge due to its electron-defficient nature. The 324 
observed coupling constants are however only due to delocalization of the spin density over 325 
the π-conjugated carbon backbone, no coupling with nitrogen atom (14N, S = 1) is observed as 326 
spin density at this atom is negligible. Long range coupling with neighboring atoms is not 327 
observed due to a small value of respective coupling constants. 328 
 329 
Figure 5. Electron spin resonance (ESR) spectra of investigated cation radicals, linewidth 0.1 330 
mT; hyperfine coupling constants (mT) attributed to the position of coupled nucleus (insets). 331 
Hyperfine constants determining coupling with protons are shown at the position of a 332 
respective proton, whereas hydrogen atoms themselves are not shown. 333 
On the other hand the 1 radical cation has a spectrum showing hyperfine constants of α1N = 334 
0.749 mT (1N) and α1H = 0.384 mT (2H). This is consistent with the simulated radical spin 335 
density (Figure 6). The radical is delocalized over the π-conjugated backbone, but the 336 
nitrogen and sulfur atoms also contribute to the structure. Coupling constants with nitrogen 337 
atoms of carbazolyl units are not observed due to their small values. 338 
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 340 
Figure 6. Spin density at the B3LYP/6-31G(d,p)/PBF(DCM) for investigated radicals. 341 
Isovalue is equal to 0.003. 342 
The polymers however show a rather typical behavior for carbazole polymers, nevertheless 343 
this is not an expected behavior when their structure is considered (see Figure 7, 8). Both 344 
polymers show no EPR signal in the neutral state suggesting no polaronic species are trapped 345 
or remain in defects / at the chain ends. The polymers show a rapid increase of EPR signal 346 
intensity upon film oxidation indicating the formation of polaronic species. The response of 347 
the polymers is perfectly reversible in the potential window shown. Upon expansion of the 348 
potential range to higher potential values the response becomes no longer perfectly reversible 349 
as, due to formation of bipolaronic species and long experiment times, the film undergoes 350 
slow degradation. The results shown here are therefore limited to the potential range where 351 
polymers show fine stability. Signal width decrease along with the decrease of the 352 
giromagnetic factor (g-factor) observed is an indication of formation of polarons. When the 353 
relative spin concentration increases, both factors stabilize their values indicating formation of 354 
a narrow variety of polaronic states. This shows that polymers have a regular structure and is 355 
consistent with the proposed polymer structure (Scheme 3) as the radicals formed localize 356 
mostly at bicarbazole bridges in the polymer. Application of a potential of 0.7-0.9 V to the 357 
polymer films results in formation of bipolarons. This can be observed as a decrease or 358 
plateau of spin concentration. When the polaron concentration reaches a high level the 359 
existing or newly formed polarons become further oxidized to bipolarons. The formation of 360 
bipolarons is also often connected with slight broadening of the EPR signal that can be 361 
observed at higher potentials in poly(2) film. 362 
 363 
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Figure 7. ESR spectroelectrochemical analysis of poly(1). a) selected spectra; b) relative spin 364 
concentration vs. potential applied; c) signal width vs. potential applied; d) g-factor vs. 365 
potential applied. A cyclic voltamogram of the polymer film recorded at 0.01 V s
-1
 scan speed 366 
prior to the measurement is shown in figures b), c), d). Linewidth 0.05 mT. 367 
The only question that arises in the interpretation of the polymers’ behavior is why it is that 368 
similar. In case of poly(1) normally it would be expected that formation of radical cations 369 
occurs not only at bicarbazoles but also at phenothiazine units. The radicals observed in 370 
polymers show a g-factor of g = 2.0034-2.0035, which is much lower than the value for cation 371 
radical formed by 1, which is g = 2.0052. If the formation of such phenothiazine-localized 372 
radical cations was a fact, there would be observed a large (or at least any) change of the g-373 
factor during the potential sweep (i.e. oxidation of phenothiazine preceding oxidation of 374 
bicarbazoles or vice versa), however, this does not happen. Moreover, the EPR signal clearly 375 
indicates a presence of only one type of radical species (Figure S7). Interestingly, the signal 376 
of phenothiazine redox couple has not been observed in electrochemistry nor UV-Vis-NIR 377 
spectroelectrochemistry. Explanation of this fact is that the geometry of the polymer, 378 
especially at oxidized state, allows the phenothiazine to be conjugated with the carbazole 379 
moiety. In this situation the formation of a radical coupled with a nitrogen atom (“normal” 380 
phenothiazine radical cation) is thus inhibited. As such radical cations are not formed, their 381 
characteristical absorption bands cannot be observed in UV-Vis-NIR spectroelectrochemistry 382 
of poly(1).  383 
 384 
Figure 8. ESR spectroelectrochemical analysis of poly(2). a) selected spectra; b) relative spin 385 
concentration vs. potential applied; c) signal width vs. potential applied; d) g-factor vs. 386 
potential applied. A cyclic voltamogram of the polymer film recorded at 0.01 V s
-1
 scan speed 387 
prior to the measurement is shown in figures b), c), d). Linewidth 0.04 mT. 388 
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Due to the conjugation between bicarbazoles and phenothiazine another kind of radical cation 389 
and bication species is likely to be formed. Also see Figure S3, S4. Such as polarons involve 390 
only the carbon atoms of phenothiazine, thus chromophoric nitrogen atom of this unit does 391 
not play a role. Very similar behavior has already been reported in 2,7-linked 392 
chalcogenophene-carbazole polymers [54]. 393 
4 Conclusions 394 
Two novel monomers with N-linked carbazole species and D-D-D or D-A-D structure are 395 
presented. Both polymerize well, giving stable films. Poly(1) has shown particularly 396 
interesting behavior, giving no electrochemical, nor spectroelectrochemical evidence for 397 
formation of phenothiazine-based radical cations nor bications. Such behavior is a result of 398 
conjugation between bicarbazole bridges and phenothiazine in the oxidated state resulting in 399 
one oxidized form to be produced, rather than two (bicarbazole, phenothiazine) separately. It 400 
was observed that poly(2) – D-A-D based polymer shows a CT absorption band, similarly to 401 
the monomer. Interestingly, the band is present in the polaronic form of the polymer, while 402 
disappears in the bipolaronic form. 403 
Transparency and colorlessness of poly(1) gives a promising potential application of the 404 
polymer in i.e. electrochromic tinted windows, while ambipolarity of poly(2) is promising in a 405 
potential application as an emitting layer in polymer light emitting diodes. 406 
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ABSTRACT 18 
In this work we present electropolymerization of monomers of an unusual type using N-linked 19 
carbazole units to limit their conjugation. The polymers thus obtained have limited 20 
conjugation through the backbone. Using donor-acceptor-donor (D-A-D) and donor-donor-21 
donor (D-D-D) monomers we evaluate the effects of the presence (or absence) of charge 22 
transfer states on synthesized electropolymers. The use of a D-A-D monomer resulted in 23 
obtaining an ambipolar polymer with quasi-reversible reduction.  24 
 25 
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KEYWORDS: carbazole; phenothiazine; acridone; electroactive polymer; 26 
spectroelectrochemistry 27 
1 Introduction 28 
Electroactive polymers are an already very well-examined group of materials with many 29 
interesting properties, that can be used as conductive and semiconductive layers, [1,2] 30 
polymer light emitting diode (PLED) emitters [3,4] and hosts, [5,6] electrochromic films [7-31 
12] for the use in electrochromic windows, electrochemical capacitor materials, [13] 32 
controlled drug release systems, [14-16] membrane matrices, [17] electrostrictive materials, 33 
such as artificial muscles [18] and many more. 34 
The area of conducting polymers has expanded greatly since the Nobel Prize for their 35 
discovery has been awarded. [19] Nowadays, several different groups of polymers are known, 36 
such as thiophene-, [20-24] chalcogenophene- [25-30] or carbazole-based, [31-35] among 37 
others, however there are still new systems to be investigated. An interesting field of study are 38 
branched polymers formed by electropolymerization of multifunctional monomers. 39 
Interestingly, these kind of molecular systems can be produced by the introduction of N-40 
substituted carbazole side groups in monomers, such as in the systems investigated 41 
previously. [36] The connection of carbazole via nitrogen atom provides the weakest 42 
conjugation from all practical substitution positions of this unit. This was evaluated in certain 43 
studies and is especially important in designing molecular systems as thermally activated 44 
delayed fluorescence emitters. [37-41] However, the lack of conjugation between the 45 
polymerizable carbazole unit and the core can provide an interesting insight to the properties 46 
of both monomer and respective electropolymer. This is because, due to lack of conjugation, 47 
the polymerizable carbazole unit behaves independently from the core in the monomer, 48 
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3 
therefore there will also be observed an independent behavior in the polymeric system 49 
produced. 50 
Such kind of systems are presented in this work and examined from the 51 
(spectro)electrochemical and spectroscopic point of view. One system (1) consists of a 52 
phenothiazine core, that acts as a donor, with N-bonded carbazole units, therefore the 53 
compound has a donor-donor-donor  (D-D-D) structure. The compound 2 has an acridone 54 
core that acts as an acceptor, and also N-bonded carbazoles as side groups, thus 2 has a donor-55 
acceptor-donor (D-A-D) structure. 56 
 57 
Scheme 1. Monomers studied in this work. 58 
2 Experimental section 59 
2.1 Materials. 60 
All commercially available compounds were used as received. All solvents for the synthesis 61 
were dried and then distilled before use. Electrochemical measurements were performed in 62 
10
-3
 M concentrations of all monomers for all voltammetric measurements (CV, DPV). 63 
Electrochemical studies were conducted in 0.1 M argon purged solutions of Bu4NBF4 (dried), 64 
99% (Sigma-Aldrich) in dichloromethane (DCM), CHROMASOLV®, 99.9% (Sigma-65 
Aldrich) and tetrahydrofuran (THF), 99.9%, Extra Dry, AcroSeal™ (ACROS Organics) 66 
solvents at room temperature. UV-Vis-NIR spectroelectrochemical measurements were 67 
performed on an Indium Tin Oxide (ITO) coated quartz working electrode. Polymeric layers 68 
were synthesized on an ITO electrode in conditions similar to that of cyclic voltammetric 69 
measurements. 70 
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4 
2.1.1 General synthesis.  71 
The synthetic procedure of 3,7-di(carbazol-9-yl)-N-butylphenothiazine (1), outlined at 72 
Scheme 2, was based on metal-catalyzed Ullmann-type C-N coupling reaction, efficient 73 
method to form novel carbon-nitrogen bond [42,43]. 3,7-Dibromo-N-butylphenothiazine, 74 
synthesized according to our previous experience [44], underwent nucleophilic aromatic 75 
substitution with carbazole, in a presence of a base and the copper-binding ligand 1,10-76 
phenanthroline. An environment of the reaction were high-boiling polar solvent 77 
dimethylformamide and inert atmosphere.  78 
The synthesis of 2,7-di(carbazol-9-yl)-N-hexylacridin-9-one (2), outlined in Scheme 2, was 79 
also based on copper-catalyzed condensation of 2,7-dibromo-N-hexylacridone with carbazole 80 
at the same conditions as stated above. 2,7-Dibromo-N-hexylacridone was synthesized 81 
according to a previously established procedure [45].    82 
2.1.2 3,7-di(carbazol-9-yl)-N-butylphenothiazine (1) 83 
3,7-Dibromo-N-butylphenothiazine (1.0 g, 2.42 mmol), carbazole (0.93g, 5.57 mmol) were 84 
placed in a three-necked flask with copper iodide (0.19 g, 1.02 mmol), potassium carbonate 85 
(1.51 g, 0.01 mol), 1,10-phenanthroline (0.36 g, 1.99 mmol) and 15 ml of N,N-86 
dimethylformamide. The reaction mixture was heated at 145°C for 48h under a nitrogen 87 
atmosphere. Insoluble brown solid was filtered from the reaction mixture and washed with ca. 88 
5 ml of N,N-dimethylformamide (product passed to a filtrate). Water was added to a filtrate 89 
and obtained solid was filtered and washed with water to remove copper compounds. A 90 
precipitate was purified by silica gel chromatography with hexane:ethyl acetate (9:1, V/V) as 91 
the eluent. 3,7-Di(carbazol-9-yl)-N-butylphenothiazine (1), grey-brown powder (mp >250°C), 92 
was obtained with 35% yield (0.50 g, 0.85 mmol). 93 
1
H NMR (600 MHz, CDCl3): 8.17 (d, J=7.7 Hz, 4H, arom. H), 7.47-7.39 (m, 12H, arom. H), 94 
7.32 (t, J=6.8 Hz, 4H, arom. H), 7.15 (d, J=8.2 Hz, 2H, arom. H), 4.06 (s, 2H, N-CH2) 2.02-95 
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5 
2.00 (m, 2H, CH2), 1.66-1.62 (m, 2H, CH2), 1.11 (t, J=7.4 Hz, 3H, CH3). 
13
C NMR (151 96 
MHz, CDCl3): 144.3, 141.1, 132.5, 126.4, 126.2, 126.2, 126.0, 123.3, 120.3, 119.9, 116.2, 97 
109.8, 47.7, 29.1, 20.4, 14.0. MS m/z [%] = 586.24. 98 
2.1.3 2,7-di(carbazol-9-yl)-N-hexylacridin-9-one (2) 99 
2,7-Dibromo-N-hexylacridin-9-one (1.0 g, 2.29 mmol), carbazole (0.88g, 5.26 mmol) were 100 
placed in a three-necked flask with copper iodide (0.24 g, 1.26 mmol), potassium carbonate 101 
(1.42 g, 0.01 mol), 1,10-phenanthroline (0.35 g, 1.94 mmol) and 15 ml of N,N-102 
dimethylformamide. The reaction mixture was heated at 145°C for 22h under a nitrogen 103 
atmosphere. Insoluble grey-green solid was filtered from the reaction mixture and washed 104 
with dimethylformamide (product passed to a filtrate). Water was added to a filtrate and 105 
obtained solid was filtered and washed with water to remove copper compounds. Yellow-106 
green precipitate was the product 2 2,7-di(carbazol-9-yl)-N-hexylacridin-9-one (0.74 g, 1.21 107 
mmol). The yield of the reaction – 53%, mp >250°C. 108 
1
H NMR (600 MHz, CDCl3): 8.87 (d, J=2.6 Hz, 2H, arom. H), 8.21 (d, J=7.7 Hz, 4H, arom. 109 
H), 8.02 (dd, J=9.1 Hz, J=2.6 Hz, 2H, arom. H), 7.84 (d, J=9.1 Hz, 2H, arom. H), 7.50 (d, 110 
J=8.1 Hz, 4H, arom. H), 7.46 (t, J=7.6 Hz, 4H, arom. H), 7.35 (t, J=7.4 Hz, 4H, arom. H), 111 
4.57 (t, J=8.4 Hz, 2H, N-CH2) 2.18-2.15 (m, 2H, CH2), 1.73-1.70 (m, 2H, CH2), 1.59-1.55 (m, 112 
2H, CH2), 1.51-1.49 (m, 2H, CH2), 1.02 (t, J=6.9 Hz, 3H, CH3). 
13
C NMR (151 MHz, 113 
CDCl3): 176.9, 140.9, 140.6, 133.0, 131.7, 126.1, 125.9, 123.5, 123.4, 120.4, 120.2, 116.7, 114 
109.6, 47.0, 31.6, 27.4, 26.7, 22.7, 14.1. MS m/z [%] = 610.29. 115 
 116 
Scheme 2. Synthetic route used to obtain investigated monomers. 117 
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2.2 Measurements.  118 
Melting points were determined on automatic melting point SMP10 (Stuart) apparatus. NMR 119 
spectra were taken in CDCl3 by Avance 400 (Bruker) at 600 MHz for 
1
H and 
13
C at ambient 120 
temperature. Chemical shifts are reported in parts per million (δ) relative to tetramethylsilane 121 
(δ = 0.0 ppm). MS spectra were taken on a Bruker micrOTOF-Q, FWHM-17500, 20 Hz. The 122 
electrochemical investigation was carried out using Autolab PGSTAT20 and PGSTAT100 123 
(Metrohm Autolab) potentiostats. The electrochemical cell comprised of a platinum disk with 124 
1 mm diameter of working area as working electrode, Ag/AgCl electrode as a reference 125 
electrode and a platinum wire as an auxiliary electrode. The reference electrode was 126 
calibrated against ferrocene/ferrocenium redox couple in the same conditions (solvent, salt) as 127 
all electrochemical measurements. Cyclic voltammetry measurements were conducted at 128 
room temperature with scan rate of 50 mV s
-1
. UV-Vis-NIR spectra in spectroelectrochemical 129 
analysis were recorded by QE6500 and NIRQuest detectors (Ocean Optics). Absorption and 130 
emission spectra of monomers were collected using a UV-3600 double beam 131 
spectrophotometer (Shimadzu), and a Fluorolog or Fluoromax-3 fluorescence spectrometer 132 
(Jobin Yvon). In situ EPR spectroelectrochemical experiments were performed using JES-FA 133 
200 (JEOL) spectrometer. g-factor value has been determined with the aid of JEOL internal 134 
standard, knowing that the third line of the Mn-standard spectrum has a g-factor of 2.03324. 135 
The width of the EPR signal has been calculated as a distance in mT between minimum and 136 
maximum of the spectrum. 137 
2.3 Calculations 138 
DFT calculations of ground state geometry and MO surfaces have been carried out using the 139 
B3LYP hybrid functional combined with a 6-31G(d,p) basis set. For all investigated 140 
compounds ground state geometries were optimized. All calculations have been carried out 141 
with Jaguar [46] version 9.3 release 15 in Maestro Materials Science 2.3 in Maestro Materials 142 
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7 
Suite 2016-3 software package. [47] Spin density of radicals was calculated using the same 143 
basis set and functional with spin set to 2 and charge set to +1 and -1 for radical cation and 144 
anion, respectively. All alkyl chains have been reduced to methyl groups to decrease 145 
calculation complexity. 146 
 147 
3 Results and discussion  148 
 149 
3.1 3.1 Photophysical investigation of monomers 150 
Absorption spectrum (Figure 1) of 1 consists of a shoulder (λ = 350-420 nm) that can clearly 151 
be associated as n-π* transition involving the lone pairs of nitrogen and sulfur in the 152 
phenothiazine unit. The shoulder is followed by an absorption band at λmax = 327, 339 nm 153 
which due to its characteristic shape should be associated with n-π* transition of carbazole. 154 
The next absorption band λmax = 293 nm is also associated with carbazole. The compound due 155 
to very weak absorption at wavelengths > 380 nm gives colorless solutions. On the other 156 
hand, 2 shows a well defined CT band with λmax = 409 nm. In systems like 1 or 2, due to the 157 
lack of conjugation between the carbazole and core it is possible to observe the absorption 158 
bands of all moieties separately. In this case neither carbazole [48] nor acridone [49] absorb in 159 
the region of >410 nm, therefore the new band can be attributed to CT. The absorption band 160 
that in 2 is at λmax = 323 nm seems to be present in all acridone derivatives substituted at 2,7 161 
position by donors [49]. This band seems to shift with the type of donor attached and is not 162 
present in 1, therefore such absorption originates from acridone. This band however overlaps 163 
with the n-π* band of carbazole which is therefore barely observable. Similarly to 1, in 2 the 164 
π-π* absorption band of carbazole λmax = 293 nm is observed. Emission of the molecules in 165 
solution is blue with maximum at 436 nm and 442 nm and blue edge at 400 nm and 412 nm 166 
respectively for 1 and 2. 167 
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8 
Calculated HOMO and LUMO orbital surfaces (Figure S1, S2) confirm the experimental 168 
observations . In 1 the HOMO→LUMO transition shows a local n-π* character, but in 2 the 169 
HOMO→LUMO transition has a hybrid local and charge transfer (HLCT) character. This 170 
however explains a relatively strong absorption of this band in comparison to π-π* bands as 171 
HOMO/LUMO overlap is significant. 172 
 173 
Table 1. Basic photophysical properties of investigated monomers. 174 
 175 
Figure 1. a) UV-Vis and fluorescence spectra of monomers in methylcyclohexane solution. b) 176 
DPV voltammograms of investigated compounds recorded in DCM and THF solutions of 177 
Bu4NBF4 supporting electrolyte. 178 
 179 
3.2 Electrochemical investigation of monomers and electropolymerization 180 
The monomers show clearly different electrochemical properties both in terms of oxidation 181 
and reduction (Figure 2,3). 1 due to the D-D-D structure undergoes only oxidation, no 182 
reduction was observed within the electrochemical potential window. The oxidation 183 
comprises two reversible signals that can be attributed to the first and second oxidation steps 184 
of phenothiazine. The first oxidation process clearly leads to formation of a stable radical 185 
cation located at phenothiazine (see EPR section). Second redox couple should therefore be 186 
associated with the formation of a dication. The following oxidation processes can be 187 
associated with oxidation of carbazole moieties. This reaction is irreversible and leads to 188 
formation of a conductive polymer. The compound 2 oxidizes solely at the carbazole 189 
moieties, which results in formation of a polymer, similarly to 1. This compound however, 190 
due to the D-A-D structure, also undergoes reduction. A reduction peak (see Figure 2) can be 191 
observed within the electrochemical window, moreover the process is reversible. Further 192 
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9 
investigation of the reduction process by EPR spectroscopy confirms the formation of a stable 193 
radical anion located at the acridone moiety in this case. Carbazole moieties in 2 oxidize at 194 
lower potential than in 1, but 1 contains an electron-rich and 2 bears electron-deficient core. 195 
This happens due to the fact that oxidation of carbazoles in 1 undergoes with the bicationic 196 
(1
2+
) instead of the neutral form. Such a bication is repulsed from the working electrode 197 
surface at positive potential applied, moreover the phenothiazine bication core acts now as an 198 
electron-deficient unit. Both effects draw the oxidation potential of carbazole units in 1 to 199 
higher values. 200 
As observed with DPV (Figure 2) at positive potentials, oxidation of 1 over 1 V potential is 201 
complicated, comprising many overlapping peaks. These are the signals of 202 
electropolymerization overlapped with the electrochemical response of the forming polymer. 203 
On the other hand oxidation of 2 is well resolved, comprising two clearly visible peaks. The 204 
first peak has to be associated with the monoelectron oxidation of a single carbazole moiety of 205 
2, the second process is probably associated with electrochemical response of the forming 206 
polymer due to its broadened shape. It is worth to note that the oxidation peak of 2 recorded 207 
with CV technique is stretched and deformed, this is because it actually consists of two 208 
signals mentioned above (as seen by DPV), that are overlapped.  209 
 210 
 211 
Figure 2. a), b) Cyclic voltammograms of monomers showing first oxidation / reduction 212 
cycles. c), d) Cyclic voltammograms showing electropolymerization process in consecutive 213 
scans (black line); Stability of the polymer recorded in monomer-free solution (red line). 214 
Oxidation recorded in DCM, reduction in THF solutions of Bu4NBF4 supporting electrolyte. 215 
Scan rate 0.05 V s
-1
. 216 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
10 
As mentioned previously, the two monomers electropolymerize well, forming a stable 217 
polymeric film (see Figure 3). The electropolymerization process is induced by the presence 218 
of carbazole moieties, that after monoelectron oxidation undergo a coupling reaction. 219 
Although carbazole appears to be a bifunctional monomer, recent works [50,51] suggest 220 
carbazole acting as a monofunctional moiety in the molecular systems comprising two or 221 
more N-carbazolyl species. This also seems to be true in the monomers presented here and is 222 
supported by (spectro)electrochemical data. In example, the polymers do not increase their 223 
conjugation length as presented in the voltammograms – oxidation onset remains unchanged 224 
in following polymerization scans. Both polymers show electrochemical responses similar to 225 
the already reported cases. [52] The first oxidation process of the polymers has to be 226 
attributed to formation of polarons, whereas the second to bipolaronic species, which is 227 
further confirmed by spectroelectrochemistry. 228 
 229 
Figure 3. Cyclic voltammograms of poly(2) recorded in DCM and THF solutions of 230 
Bu4NBF4 supporting electrolyte. Scan rate 0.05 V s
-1
. 231 
Following the reasoning given above, the proposed polymer structure of poly(1) and poly(2) 232 
is shown in Scheme 3. It becomes clear that the acridone/phenothiazine bridge units break the 233 
conjugation between bicarbazole bridges, resulting in formation of a polymer with short 234 
conjugation length. Please also see Figure S3-S6. The calculations performed on idealized 235 
trimers show that although there is some conjugation between the bicarbazoles and cores, the 236 
units are clearly out of plane. Polymers inherit some features of the monomers, such as redox 237 
or optical properties. In particular, the polymer of a D-D-D monomer consequently does not 238 
reduce, moreover, the neutral film is colorless, similarly to the solution of the monomer. On 239 
the other hand, poly(2) color is similar to the yellow color of monomer’s solution, due to the 240 
presence of a similar charge transfer band, absorbing blue light. Poly(2) also shows a 241 
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11 
reduction process of quasi-reversible character at the potential similar to the redox pair of the 242 
monomer (see Figure 4). Clearly, the reduction of the polymer involves the acridone species 243 
as in both cases: the monomer and polymer the reduction occurs at almost the same potential, 244 
-2.07 V and -2.15 V, respectively (see Table 2). In this case, due to limited diffusion rate of 245 
counter ions the anodic and cathodic peak are stretched and deformed. EPR investigation of 246 
the polymer reveals hardly no signal upon reduction of the polymer. This suggests a somehow 247 
regular, stacked structure of the polymer, allowing the radical anions of acridone to stack, 248 
forming i.e. spinless dimers, which is similar to the already reported dimers in 249 
ethylenedioxythiophene-based systems. [9,53]  250 
 251 
Scheme 3. Proposed structure of electrodeposited polymers studied in this work. 252 
At this point it is important to note the coincidence of electrochemical and optical energy gap 253 
of 2 and poly(2). The values are very close in both cases suggesting electron binding energy 254 
of zero or almost zero. In this case an error of ± 0.03 eV to the values can be assumed. This is 255 
still a debate whether forbidden transition such as n-π* or CT can be used to determine energy 256 
gap of a molecule as respective absorption band may not be visible in the spectrum. The 257 
answer to this question is not definite,  in some cases a forbidden transition has relatively 258 
large oscillator strength, thus being well defined in the absorption spectrum. If that condition 259 
is met, as in 2 and poly(2), the optical energy gap can be determined properly with a small 260 
error. 261 
Table 2. Electrochemical properties of investigated molecules. 262 
 263 
3.3 UV-Vis-NIR spectroelectrochemical investigation of monomers and polymers 264 
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To fully understand the electrochromic response of polymers it is necessary to study the  265 
oxidation of monomers first (Figure 5). In case of 1 the most interesting part is the oxidation 266 
of phenothiazine moiety leading to the formation of a monocation (cation radical) and, at 267 
higher potential applied, a bication. Both these species are seen in the absorption spectra. 268 
Interestingly, the absorption of a phenothiazine cation radical is very specific and clearly is 269 
not present in the spectra of oxidized polymer. Oxidation of 2 leads to formation of a polymer 270 
which is a result of coupling of cation radicals originating from carbazole moieties. Due to the 271 
similarity of monomer’s and polymer’s cation radical structure the spectra observed resemble 272 
the electrochromic response of poly(2). 273 
 274 
Figure 4. a), b) UV-Vis-NIR spectroelectrochemical analysis of electrochemical oxidation of 275 
1 and 2; c), d) Electrochromic response of respective polymers. P1, P2 denote first and second 276 
polaronic band; BP bipolaronic band; N neutral polymer absorption bands. Spectra recorded 277 
in DCM / 0.1 mol dm
-3
 Bu4NBF4 supporting electrolyte solution using ITO coated quartz 278 
working electrode. 279 
Electrochromic response of polymers is similar to the already reported [52] cases. Two 280 
polaronic bands (P1, P2) are arising in the first oxidation step  and one bipolaronic (BP) arises 281 
above a specific potential in the second oxidation step. The potentials at which formation of 282 
polarons/bipolarons is observed are in good correlation with the onset potential of the first and 283 
second oxidation peak of polymers, respectively. Therefore figures determining onset 284 
potential of formation of bipolarons allow to attribute the first redox reaction in polymers to 285 
the neutral ↔ polaronic redox process. The second redox process should consequently be 286 
attributed to the polaronic ↔ bipolaronic redox process. In both cases oxidation of the 287 
polymeric film shows diminishing absorption of the neutral polymer absorption bands (N). 288 
This is due to oxidation of bis(carbazolyl) bridges that connect mers. Interestingly, in both 289 
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13 
cases there is an isosbestic point clearly visible between N and P1 bands. As no shift of that 290 
point is observed, this indicates perfect reversibility of the doping/dedoping process between 291 
neutral and polaronic forms. Additional isosbestic point can be observed between P1 and BP 292 
bands in poly(2). This is rather associated with the presence of a CT band in the polymer, 293 
which is discussed below. The presence of an isosbestic point here suggests the process of 294 
bipolarons formation to be connected with the diminish of the CT band. 295 
Poly(2) similarly to the monomer shows a charge transfer transition. The charge transfer 296 
appears clearly between the non-conjugated units of acridone (acceptor) and bicarbazole 297 
bridges (donor). Interestingly, the first polaronic band (P1) of the polymer is overlapped with 298 
the CT absorption band of a neutral film. The polaronic band grows on the top of the CT band 299 
and both bands are still overlapped at the potential of 0.60 V. Above that potential, along with 300 
the formation of bipolarons, the CT band diminishes. The band maximum shifts giving 301 
eventually absorbtion spectrum which is much more similar to the respective spectrum of 302 
poly(1) which does not have a CT.  That means the polymer in a bipolaronic state shows no 303 
CT due to the lack of electrons at HOMO (as for neutral form), so HOMO→LUMO transition 304 
(CT) is suppressed. 305 
What is even more interesting is that the electrochromic response of poly(1) does not clearly 306 
show the involvement of radical cations nor bications of phenothiazine. The polymer behaves 307 
on one hand very similar to poly(2) showing similar polaronic and bipolaronic bands – on the 308 
other hand, due to the absence of the CT band, the film is colorless. Thin films of poly(1) are 309 
not visible to human eye, but they become visible upon oxidation. This behavior is potentially 310 
interesting for applications such as electrochromic tinted windows. Electrochromic response 311 
of the polymer is however interesting as no observable evidence for the formation of normal 312 
phenothiazine radical cation / bication is present in the absorption spectra. This is further 313 
discussed in the ESR spectroelectrochemistry section.  314 
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 315 
3.4 ESR spectroelectrochemical investigation of monomers and polymers 316 
To evaluate the origin of radical anion/cation species formed in the reversible redox processes 317 
the EPR technique has been used. The results comply with intuitive expectations, that 318 
reduction of 2 involves the acridone moiety, forming a radical anion, whereas the first 319 
oxidation step of 1 leads to production of radical cations localized at the phenothiazine 320 
moiety. The EPR spectrum of 2 radical anion shows hyperfine coupling constants of α1H = 321 
0.390 mT (2H) and α2H = 0.365 mT (2H). The observed signal correlates with the simulated 322 
spin density for the anion radical (Figure 6). Radical is situated the most on atoms of C=O 323 
group which also stabilizes the negative charge due to its electron-defficient nature. The 324 
observed coupling constants are however only due to delocalization of the spin density over 325 
the π-conjugated carbon backbone, no coupling with nitrogen atom (14N, S = 1) is observed as 326 
spin density at this atom is negligible. Long range coupling with neighboring atoms is not 327 
observed due to a small value of respective coupling constants. 328 
 329 
Figure 5. Electron spin resonance (ESR) spectra of investigated cation radicals, linewidth 0.1 330 
mT; hyperfine coupling constants (mT) attributed to the position of coupled nucleus (insets). 331 
Hyperfine constants determining coupling with protons are shown at the position of a 332 
respective proton, whereas hydrogen atoms themselves are not shown. 333 
On the other hand the 1 radical cation has a spectrum showing hyperfine constants of α1N = 334 
0.749 mT (1N) and α1H = 0.384 mT (2H). This is consistent with the simulated radical spin 335 
density (Figure 6). The radical is delocalized over the π-conjugated backbone, but the 336 
nitrogen and sulfur atoms also contribute to the structure. Coupling constants with nitrogen 337 
atoms of carbazolyl units are not observed due to their small values. 338 
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 340 
Figure 6. Spin density at the B3LYP/6-31G(d,p)/PBF(DCM) for investigated radicals. 341 
Isovalue is equal to 0.003. 342 
The polymers however show a rather typical behavior for carbazole polymers, nevertheless 343 
this is not an expected behavior when their structure is considered (see Figure 7, 8). Both 344 
polymers show no EPR signal in the neutral state suggesting no polaronic species are trapped 345 
or remain in defects / at the chain ends. The polymers show a rapid increase of EPR signal 346 
intensity upon film oxidation indicating the formation of polaronic species. The response of 347 
the polymers is perfectly reversible in the potential window shown. Upon expansion of the 348 
potential range to higher potential values the response becomes no longer perfectly reversible 349 
as, due to formation of bipolaronic species and long experiment times, the film undergoes 350 
slow degradation. The results shown here are therefore limited to the potential range where 351 
polymers show fine stability. Signal width decrease along with the decrease of the 352 
giromagnetic factor (g-factor) observed is an indication of formation of polarons. When the 353 
relative spin concentration increases, both factors stabilize their values indicating formation of 354 
a narrow variety of polaronic states. This shows that polymers have a regular structure and is 355 
consistent with the proposed polymer structure (Scheme 3) as the radicals formed localize 356 
mostly at bicarbazole bridges in the polymer. Application of a potential of 0.7-0.9 V to the 357 
polymer films results in formation of bipolarons. This can be observed as a decrease or 358 
plateau of spin concentration. When the polaron concentration reaches a high level the 359 
existing or newly formed polarons become further oxidized to bipolarons. The formation of 360 
bipolarons is also often connected with slight broadening of the EPR signal that can be 361 
observed at higher potentials in poly(2) film. 362 
 363 
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Figure 7. ESR spectroelectrochemical analysis of poly(1). a) selected spectra; b) relative spin 364 
concentration vs. potential applied; c) signal width vs. potential applied; d) g-factor vs. 365 
potential applied. A cyclic voltamogram of the polymer film recorded at 0.01 V s
-1
 scan speed 366 
prior to the measurement is shown in figures b), c), d). Linewidth 0.05 mT. 367 
The only question that arises in the interpretation of the polymers’ behavior is why it is that 368 
similar. In case of poly(1) normally it would be expected that formation of radical cations 369 
occurs not only at bicarbazoles but also at phenothiazine units. The radicals observed in 370 
polymers show a g-factor of g = 2.0034-2.0035, which is much lower than the value for cation 371 
radical formed by 1, which is g = 2.0052. If the formation of such phenothiazine-localized 372 
radical cations was a fact, there would be observed a large (or at least any) change of the g-373 
factor during the potential sweep (i.e. oxidation of phenothiazine preceding oxidation of 374 
bicarbazoles or vice versa), however, this does not happen. Moreover, the EPR signal clearly 375 
indicates a presence of only one type of radical species (Figure S7). Interestingly, the signal 376 
of phenothiazine redox couple has not been observed in electrochemistry nor UV-Vis-NIR 377 
spectroelectrochemistry. Explanation of this fact is that the geometry of the polymer, 378 
especially at oxidized state, allows the phenothiazine to be conjugated with the carbazole 379 
moiety. In this situation the formation of a radical coupled with a nitrogen atom (“normal” 380 
phenothiazine radical cation) is thus inhibited. As such radical cations are not formed, their 381 
characteristical absorption bands cannot be observed in UV-Vis-NIR spectroelectrochemistry 382 
of poly(1).  383 
 384 
Figure 8. ESR spectroelectrochemical analysis of poly(2). a) selected spectra; b) relative spin 385 
concentration vs. potential applied; c) signal width vs. potential applied; d) g-factor vs. 386 
potential applied. A cyclic voltamogram of the polymer film recorded at 0.01 V s
-1
 scan speed 387 
prior to the measurement is shown in figures b), c), d). Linewidth 0.04 mT. 388 
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Due to the conjugation between bicarbazoles and phenothiazine another kind of radical cation 389 
and bication species is likely to be formed. Also see Figure S3, S4. Such as polarons involve 390 
only the carbon atoms of phenothiazine, thus chromophoric nitrogen atom of this unit does 391 
not play a role. Very similar behavior has already been reported in 2,7-linked 392 
chalcogenophene-carbazole polymers [54]. 393 
4 Conclusions 394 
Two novel monomers with N-linked carbazole species and D-D-D or D-A-D structure are 395 
presented. Both polymerize well, giving stable films. Poly(1) has shown particularly 396 
interesting behavior, giving no electrochemical, nor spectroelectrochemical evidence for 397 
formation of phenothiazine-based radical cations nor bications. Such behavior is a result of 398 
conjugation between bicarbazole bridges and phenothiazine in the oxidated state resulting in 399 
one oxidized form to be produced, rather than two (bicarbazole, phenothiazine) separately. It 400 
was observed that poly(2) – D-A-D based polymer shows a CT absorption band, similarly to 401 
the monomer. Interestingly, the band is present in the polaronic form of the polymer, while 402 
disappears in the bipolaronic form. 403 
Transparency and colorlessness of poly(1) gives a promising potential application of the 404 
polymer in i.e. electrochromic tinted windows, while ambipolarity of poly(2) is promising in a 405 
potential application as an emitting layer in polymer light emitting diodes. 406 
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Compound λabs, nm 
a
 λem, nm
 b
 PL 
c
 
1 
293, 327, 
339 
436, 458 0.56 
2 
293, 323, 
409 
442, 467 0.04 
a
 Absorption maxima; 
b
 Emission maxima; 
c
 Photoluminescence quantum yield recorded in 
degassed solution against diphenylanthracene PL=0.9 in degassed cyclohexane. Note all data 
recorded in methylcyclohexane. 
 
Table 1
Compound / 
polymer 
Eox
onset
, V
a
 Ered
onset
, V
 b
 IP, eV
c
 EA, eV
d
 Eg
el
, eV
e
 Eg
opt
, eV
f
 
1 0.34 - 5.44 2.32
*
 - 3.12 
Poly(1) 0.51 - 5.61 2.62
*
 - 2.99 
2 0.69 -2.07 5.79 3.03 2.75 2.72 
Poly(2) 0.39 -2.15 5.49 2.95 2.54 2.57 
a
 Onset oxidation potential; 
b
 Onset reduction potential; 
c
 Ionization potential IP = |e| (Eox
onset
 
+ 5.1); 
d
 [55,56] Electron affinity EA = |e| (Ered
onset
 + 5.1); [55,56] 
e
 Electrochemical energy 
gap Eg
el
 = |e| (Eox
onset
 - Ered
onset
); [55,56] 
f 
Optical band gap Eg
opt
 = 1240/λonset (eV), where λonset 
(nm) is absorption onset of monomer solution or polymer film in DCM. Please note the 
equation is derived as a practical form of expression Eg
opt
 = hc/λonset , where h – Planck’s 
constant, c – speed of light; * EA estimated using optical energy gap EA = IP - Eg
opt
. 
Electrochemical potentials given are relative to ferrocene/ferricinium (Fc/Fc
+
) redox couple. 
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